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[1] This study investigates the 6 November 2001 great storm’s impact on the topside
ionosphere utilizing data from the onboard TOPEX/Poseidon-NASA altimeter, Defense
Meteorological Satellite Program–Special Sensor Ions, Electrons and Scintillation
instruments and ACE interplanetary observatory. A set of field-aligned profiles
demonstrate the storm evolution, caused by the precursor and promptly penetrating
interplanetary eastward electric (E) fields, and strong equatorward winds reducing
chemical loss, during the long-duration negative BZ events. At daytime-evening, the
forward fountain experienced repeated strengthening, as the net eastward E field suddenly
increased. The resultant symmetrical equatorial anomaly exhibited a continuous increase,
while the energy inputs at both auroral regions were similar. In both hemispheres, by
progressing poleward, a midlatitude shoulder exhibiting increased plasma densities, a
plasma-density dropoff (steep gradient) and a plasma depletion appeared. These features
were maintained while the reverse fountain operated. At the dropoff, elevated
temperatures indicated the plasmapause. Consequently, the plasma depletion was the
signature of plasmaspheric erosion. In each hemisphere, an isolated plasma flow,
supplying the minimum plasma, was detected at the shoulder. Plasmaspheric compression,
due to the enhanced E fields, could trigger this plasma flow. Exhibiting strong longitudinal
variation at evening-nighttime, the shoulder increased 306% over the southeastern
Pacific, where the nighttime Weddell Sea Anomaly (WSA) appeared before the storm.
There, the shoulder indicated the storm-enhanced equatorward section of the quiet time
WSA. Owing to the substantial equatorward plasmapause movement, a larger
poleward section of the quiet time WSA eroded away, leaving a large depletion behind.
This study reports first these (northern, southern) plasma flows and dramatic storm effects
on a nighttime WSA.
Citation: Horvath, I., and B. C. Lovell (2008), Formation and evolution of the ionospheric plasma density shoulder and its
relationship to the superfountain effects investigated during the 6 November 2001 great storm, J. Geophys. Res., 113, A12315,
doi:10.1029/2008JA013153.
1. Introduction
[2] The electrodynamic E  B plasma drift, created by
the interaction of neutral-wind-generated E region dynamo
and F region polarization electric (E) fields and geomag-
netic (B) field, has a principal role on ionospheric plasma
distribution and dynamics at low latitudes. At daytime, the
vertical upward E  B drift drives the forward plasma
fountain by moving the ionospheric plasma at the dip
equator across the horizontal magnetic field lines to greater
altitudes, while a new ionosphere develops at lower heights
[Balan et al., 1998]. After losing momentum, the plasma
trickles down the magnetic field lines on both sides of the
dip equator, owing to forces of gravity and pressure gra-
dients, and becomes deposited at higher latitudes. This
plasma circulation is known as the forward plasma fountain
[Hanson and Moffett, 1966; Balan and Bailey, 1995; Balan
et al., 1997; Bailey et al., 1997] and the resultant iono-
spheric feature is the equatorial ionization anomaly. The
E  B drift magnitude changes as the geomagnetic B field
varies spatially, and as the net E field varies since the
relative efficiencies of the E and F region dynamos change
throughout the day and also with season and solar activity
[Fejer and Scherliess, 2001, and references therein]. This
upward drift plus daily variations such as the thermal
expansion of the atmosphere, setting both the neutrals and
the ions into an upward motion, can enhance the efficiency
of the E region dynamos by increasing the Cowling con-
ductivity [Tsurutani et al., 2008]. Since these E fields are
external, created by wind-driven dynamo processes, the
viewpoint of Vasyliunas [2001, 2005a, 2005b] on the
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, A12315, doi:10.1029/2008JA013153, 2008
Click
Here
for
Full
Article
1SAS, School of Information Technology and Electrical Engineering,
University of Queensland, Brisbane, Queensland, Australia.
2National Information and Communications Technology Australia,
University of Queensland, Brisbane, Queensland, Australia.
Copyright 2008 by the American Geophysical Union.
0148-0227/08/2008JA013153$09.00
A12315 1 of 17
interaction of plasma flow velocity and magnetic B field
producing an E field, and their arguments on internal E field
decay are not applicable.
[3] During great magnetic storms (Dst < 250 nT
[Tsurutani et al., 1992, 2003; Echer et al., 2008], via the
connection of southward interplanetary magnetic field
(IMF) and geomagnetic B field, significantly large inter-
planetary eastward E fields are created that can penetrate
promptly into the equatorial ionosphere [Tsurutani et al.,
2008, and references therein]. This IMF–B field intercon-
nection also leads to large amount of energy deposition into
the high-latitude regions and to the generation of strong
equatorward winds in the E and F regions [Titheridge,
1995]. Such polar heating, in turn, can produce strong
disturbance dynamo E fields [Blanc and Richmond, 1980;
Tsurutani et al., 2004]. If the disturbance dynamo E fields
and the prompt-penetrating E fields are of the same sign,
they add up and produce an even larger net E field. Even if
the different E fields are of opposite sign, the prompt-
penetrating E field is significantly larger and leads to an
extremely strong E  B drift, which becomes operational
within a few (2–5) hours [Tsurutani et al., 2004; Mannucci
et al., 2005] of the impingement of the interplanetary E field
and drives the superfountain. The basic mechanism of
positive superstorm is, that this unusually large E  B drift
transports the ionospheric plasma to greater heights, where
the recombination rates are low, and to latitudes higher than
usual, while the still ongoing photoionization at lower
heights produces new plasma that replaces the displaced
plasma [Balan et al., 2008b]. These processes create posi-
tive storm effects [Tsurutani et al., 2004, 2005, 2006, 2007,
2008; Mannucci et al., 2005; Verkhoglyadova et al., 2006]
in the presence of strong equatorward directed thermospheric
neutral winds [Lekshmi et al., 2008; Balan et al., 2008a].
[4] At around sunset under quiet time conditions, the
neutral winds blow faster across the increased east–west
conductivity gradients and cause the enhancement of the
F region polarization E fields, which, in turn, increase
the vertical upward electrodynamic E B drift [Crain et al.,
1993]. Known as the prereversal enhancement, this E field
increase strengthens the forward plasma fountain [Hanson
and Moffett, 1966; Balan and Bailey, 1995; Balan et al.,
1997]. When the prereversal enhancement occurs in phase
with the prompt penetration of a strong interplanetary
eastward E field during a superstorm, the resultant vertical
upward E  B drifts can be abnormally high. Abdu et
al. [2005] measured a velocity of 1200 m/s during the
30 October 2003 superstorm over the Brazil/South Atlantic
sector.
[5] Soon after quiet time sunset, when the winds turn
westward, the eastward E fields become westward directed.
During this event, called reversal, the vertical upward E 
B drift becomes downward directed and this downward drift
drives the reverse plasma fountain. Its backward plasma
circulation breaks down the dual-peak structure of the
equatorial anomaly into a single equatorial peak [Hanson
and Moffett, 1966; Balan and Bailey, 1995; Balan et al.,
1997].
[6] The basic E  B drift-driven mechanisms of the
forward plasma fountain were first investigated by Hanson
and Moffett [1966]. However, the first detailed description
of the forward and reverse plasma fountains, including wind
effects, and their resultant ionospheric signatures were given
by Balan and Bailey [1995], Balan et al. [1997] and Bailey
et al. [1997]. Their model simulations with the Sheffield
University Plasmasphere Ionosphere Model (SUPIM) pro-
vided a 24-h coverage within the altitude regions of 200 km
to 2000 km. These simulations demonstrated the quiet time
fountain effect producing equatorial anomaly crests at
±17 (geomagnetic). Furthermore, it was also shown that
if the vertical upward E  B is 22 m/s, then the plasma
fountain can rise to altitudes of 800 km at the magnetic
equator and the crests develop of at ±30. The basic
mechanism of fountain effects were reported by Balan et
al. [1998] for magnetically quiet conditions and were
extended to storm conditions with eastward penetration
explaining positive ionospheric storms by Balan et al.
[2008b].
[7] Superstorms last for several hours and trigger the
development of the dayside forward superfountain driven
by an extremely strong (115 m/s [Verkhoglyadova et al.,
2006]) vertical upward E  B drift. However, as Lekshmi
et al. [2008] and Balan et al. [2008a] pointed out, strong
net E  B drift on its own is unlikely to produce strong
positive ionospheric storm effects. The role of equatorward
neutral winds is crucial to keep the plasma at greater
heights, where the chemical loss is reduced, and to stop
the downward diffusion along the inclined magnetic field
lines. Thus, if an eastward E field penetration occurs in the
presence of equatorward directed winds, which are not
necessarily storm time winds, then the promptly penetrating
eastward E field can give rise to the development of positive
ionospheric storms. The modeling work of Lekshmi et al.
[2008] and Balan et al. [2008a] demonstrated this mecha-
nism taking place during the 7–11 November 2004 super-
storm events with successful SUPIM simulations. Several
other researchers, who have also been studying the relative
effects of E fields and neutral winds on positive ionospheric
storms, concluded the important role of storm-generated
equatorward neutral winds in the generation of such plasma
enhancements in addition to the eastward prompt penetrating
E field. Lin et al. [2005] investigated the 30 October 2003
superstorm for its great plasma enhancements occurring at
low latitudes and midlatitudes. Lu et al. [2008] researched
the positive storm response of the 10 September 2005
moderate geomagnetic storm and found the enhanced
meridional neutral winds rather than the penetration E field
its primary cause.
[8] In contrast with the above described studies, the
recent modeling study of Verkhoglyadova et al. [2006]
has successfully reproduced the CHAMP TEC values,
which registered a superfountain on 30 October 2003. These
authors pointed out that the current models cannot repro-
duce the superfountain effects, as currently there is no
empirical model for superstorm prompt penetration E fields.
Current models, utilizing weak E fields, characteristic to
substorm conditions, and neutral winds, provide incorrect
simulations even when the reproduced TEC values are not
underestimated. Verkhoglyadova et al. [2006] employed the
modified NRL SAMI2 model [Huba et al., 2005] and the
actual eastward E field values, while the dynamic dynamo
or storm time wind effects were excluded. Their results
clearly indicated that storm time winds were not necessary
to reproduce these daytime CHAMP TEC values because of
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the overriding effects of the prompt penetration E fields. As
Verkhoglyadova et al. [2006] and Tsurutani et al. [2008]
stated, the accurate eastward directed prompt penetrating
E field value and a correct modeling technique are crucial to
replicate the superfountain effects. In order to apply the
correct E field values, those values have to be measured by
techniques like those developed by Rastogi and Klobuchar
[1990] or McCreadie and Ivemory [2006].
[9] There were several superstorms during the equinoctial
seasons of solar cycle 23. Among them, the great storm of
6 November 2001 (Dst  300 nT) and its impact
particularly on the daytime-evening ionosphere have been
attracted much attention because of the development of not
only the superfountain, but also the midlatitude shoulder and
the plasma density dropoff [Tsurutani et al., 2004]. When
unusually high midlatitude and high-latitude plasma densi-
ties are eroded by the magnetospheric convection E field, a
shoulder develops with a plasma density dropoff, called
sharp shoulder by Tsurutani et al. [2004]. On the shoulder’s
poleward side, this dropoff is the signature of the plasma-
pause. A total of 80% TEC increase [Tsurutani et al.,
2004] created a shoulder in the southern hemisphere day-
time sector. Tsurutani et al. [2004, 2008] explained such
increase by the plasmaspheric compression due to the
enhanced net E fields and by the superfountain effect.
[10] Demonstrated by the recent studies of Horvath and
Essex [2003] and Horvath [2006], the nighttime plasma
densities are unusually high over the southeastern Pacific
and South Atlantic Antarctic regions during equinoxes and
summer. A phenomenon, called the nighttime Weddell Sea
Anomaly (WSA), is responsible for this. The nighttime
WSA is created by the unusual combination of abundant
solar-produced ionization, strong equatorward directed neu-
tral winds and interesting field line configuration in the
southern hemisphere, where the offset between the geo-
graphic and geomagnetic poles is twice as large as in the
northern hemisphere [Clilverd et al., 1991, and references
therein].
[11] This study aims to investigate the dramatic response
of the ionosphere in the daytime, evening and nighttime
sectors to the 6 November 2001 great storm. Since both the
east–west equatorial F region E field and the neutral winds
are important parameters to understand this study’s obser-
vations and such E field and wind data were not available
for this study, this study’s observations are discussed on the
basis of E field variations and on the published interplan-
etary E field values of Tsurutani et al. [2004]. In particular,
this study will focus on the development of the shoulder and
the plasma density dropoff. Furthermore, this study will also
investigate the reaction of the nighttime WSA, which
regularly develops during that time of the year, to this great
storm and its possible connection with the southern shoulder.
2. Methodology and Data Utilized
[12] For tracking the temporal variation of the ionosphere,
the total electron content (TEC) values derived from the
ionospheric corrections of sea surface height measurements,
provided by the TOPEX/Poseidon mission, were utilized.
The resultant vertical TOPEX TEC data are well suited for
monitoring the ionosphere over the oceans. Sea surface
height values are measured in the nadir direction only by
the dual-frequency (fKu = 13.8 GHz, fC = 5.6 GHz) NASA
altimeter on board the TOPEX/Poseidon satellite that orbits
the Earth with a period of 112 min at 1336 km altitude and
at 66 inclination in the F2 layer. Because of the enlarging
effects of the ionosphere, signals at both frequencies expe-
rience time delays between the satellite (S) and the subsat-
ellite reflection (R) point [Imel, 1994]. Their difference
(DT2  DT1; in ns), called the differential time delay
(dDT; in ns), is linearly proportional to the integral of
electron density along the vertical raypath. From this
relation, knowing that signals travel with the speed of light
(c), an expression can be obtained for the ionospheric height
correction (dDP0 in m; see equation (1)). This allows the
computation of vertical TOPEX TEC (see equation (2)) in
TECU (1 TECU = 10+16 e/m2; see details by Horvath
[2006]):
dDP0 ¼ c  dDT ð1Þ
vertical TOPEX TEC ¼
ZS
R
Nds ¼  f
2
Ku
403:1
dDP0 ð2Þ
where N is electron density (e/m3) and ds is element of
height (m).
[13] Both the daytime descending passes and the night-
time ascending passes were utilized to obtain information
on the southern ionosphere. With their geographic equator
crossing local time (EQ(LT)) of 1430 LT, the descending
(even numbered) passes started in the morning at 1130 LT
(at 66N; geographic) and finished at 1900 LT in the
evening (at 66S). Placed almost entirely in the local
evening and nighttime sectors, the ascending (odd num-
bered) passes commenced at 2100 LT (at 66S), crossed
the equator at 0300 LT and finished at 0800 LT (at
66N).
[14] In situ plasma measurements of ion concentration
(Ni in i+/cm3), electron temperature (Te, in K) and cross-
track plasma drift (V) components in the horizontal (Y) and
vertical (Z) directions (VY and VZ, respectively, in m/s)
were also employed in this study. These data were collected
by the Special Sensor Ions, Electrons and Scintillation (SSIES)
package on board flight 12 (F12) and flight 14 (F14) that are
the spacecraft of the DefenseMeteorological Satellite Program
(DMSP). The vertical (FZ, in i
+/(cm2 s)) and horizontal flux
(FY, in i
+/(cm2 s)) values, computed from the product of
plasma density and velocity, were also utilized. As with all
the other spacecraft of the DMSP fleet, F12 and F14 fly
with an orbital period of 101 min in a 96 inclined Sun-
synchronous polar orbit at 840 km altitude [Hairston et
al., 1997]. Both spacecraft are placed in a 0928–2128 MLT
orbit configuration. Data from the ascending passes were
analyzed because of their local time. Their LT covers mostly
the evening and premidnight hours, from 1900 LT (at
70N; geographic) through 2030 LT (at 0) to 2200 LT
(at 70S). From ±70N poleward, the LT varies rapidly to
1400 LT by 81.5N and to 0200 LT by 81.5S.
[15] The Advanced Composition Explorer (ACE) obser-
vatory is a spinning spacecraft (period is 5 rotation/minute)
and orbits around the Sun-Earth Lagrangian liberation point
(L1) at 240 RE. Its spin axis points generally toward the
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Sun and the spacecraft takes in situ measurements of the
solar wind (VSW, in km/s), and the interplanetary magnetic
field (IMF) in the X, Y and Z directions (BX, BY and BZ in
nT [Stone et al., 1998]). Owing to spacecraft anomalies,
caused by the high rate of energetic particle injection during
the peak activity of the 6 November great storm [Alex et al.,
Figure 1. The global map shows the ground tracks of four DMSP-F14 and two TOPEX passes with the
modeled magnetic field lines and different equators, and the plasmapause locations in the evening sector
of 5 November 2001. The plasma density (Ni) line plots depict the equatorial evening peak and the
nighttime WSA (at 2200 LT) in the magnetically quiet evening-nighttime topside ionosphere. The
TOPEX TEC line plots tracked the nighttime WSA.
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2005], the solar wind velocity measurements diminished
and therefore could not be included in this study.
3. Observational Results
3.1. Quiet Time Evening and Nighttime Ionosphere
Over the South Pacific
[16] In order to get a perspective on a quiet evening and
nighttime topside ionosphere at around the time of this great
storm, and to understand the response of the nighttime
ionosphere to the great storm events, the magnetically quiet
first 8 h (UT) of the previous day, 5 November, was
investigated first.
[17] According to most of the Ni plots shown in Figure 1
(see passes 2–4), at 2030 LT (at 0; geographic), the
equatorial anomaly was already reduced into one single
peak by vertical downward E  B drifts, as the E field was
westward directed at this local time [Hanson and Moffett,
1966; Balan and Bailey, 1995; Bailey et al., 1997]. These Ni
observations at 2030 LT and their interpretations are in
good agreement with the results of Tsurutani et al. [2004]
regarding the time of prereversal enhancement peak that
occurred at 1900 LT in the American sector on this day.
Usually, the downward drift commences 1–1.5 h after the
prereversal enhancement [Hanson and Moffett, 1966; Balan
and Bailey, 1995; Bailey et al., 1997]. In Figure 1, the first
Ni plot (pass 1) shows the low-latitude ionosphere in the
American sector at 2030 LT, soon after the downward
drift started, as the reduced equatorial anomaly crests are
still visible. The low-latitude plasma densities were highest
(73.5 . 104 i+/cm3) at that early stage (see pass 1),
diminished over the eastern Pacific through 62.5 . 104
and 52.1 . 104 i+/cm3 (see passes 2–3) to 40.4 . 104 i+/cm3
over the western Pacific (see pass 4). This longitudinal
variation reflects the longitudinal variations of the solar
produced ionization available for transport and of the
underlying electrodynamic processes [Titheridge, 1995;
Abdu et al., 2005].
[18] Over the midlatitude and high-latitude regions of the
southeastern Pacific, F14 tracked at 2230 LT the nighttime
WSA (see Figure 1). This high-latitude region receives
significant solar illumination, almost throughout the night
at this time of the year, November, because of the Earth’s
tilted dipole axis [Sojka et al., 1988]. In the Ni plots, the
nighttime WSA (20.5 . 104 i+/cm3) appears quite small
next to the equatorial peak that is more than twice as large
(see passes 3–4). The Ni plots of passes 2–4 also reveal the
longitudinal variation of the WSA. At its center, 250–
260E; 55–65S, the equatorward directed neutral winds
were most effective, owing to the large easterly declination
(30–40) and southerly inclination (45–55), in trans-
porting the ionization to greater heights where the recom-
bination rates are reduced (see details in Horvath, 2006). On
its poleward side, the Ni dropoff (a light blue dot marks its
location), the signature of the plasmapause, appears to be
quite well developed because of the high electron densities.
The plasmapause locations were identified very accurately
from the Te line plots showing elevated temperatures caused
by downward heat flow from the plasmasphere to the
ionosphere, and by heat generated through instabilities
and the effects of high-energy particles trapped at the
boundary of solar produced plasma [Titheridge, 1976].
Some Te plot examples are shown in Figure 9. In contrast
to the southern ionosphere in early summer, at the begin-
ning of northern winter, the nighttime plasma densities were
low (	5 . 104 i+/cm3; see Figure 1) over the North Pacific
and showed little spatial variation due to the small longitu-
dinal variation of declinations angles (see details by Jee et
al. [2005] and Horvath [2006]).
[19] In the American longitude sector (see global map of
Figure 1) and at around the same local time (2200 LT),
TOPEX also detected the nighttime WSA (see bottom
plots), but only its equatorward side and sometimes its peak
because of the 66 inclined orbit. Consistently with the Ni
line plots, these TEC profiles also reveal its longitudinal
variation. Its center, (250E; 60S) was also tracked (see
pass 215 shown later in Figure 8), where the TEC reached
59 TECU. Owing to the lower equatorial plasma densities
(40 TECU), the nighttime WSA appears to be more
prominent in the TEC line plots than in the Ni line plots.
3.2. Events of the 6 November 2001 Great Storm
[20] An interplanetary coronal mass ejection (CME) of a
solar flare occurred at 1630 UT on 4 November 2001
[Tsurutani et al., 1992, 2004; Kuznetsov et al., 2005; Echer
et al., 2008]. Two days later, on 6 November, the impact of
this CME was recorded as a shock at the magnetopause. The
related interplanetary events, triggered by this great storm,
were tracked in the IMF space-based data (in nT) recorded
by ACE, and in the ground-based data of Dst (in nT) and
Kp. In Figure 2, the IMF components of BX, BY and BZ, and
the Dst and Kp indices are plotted in time for the 5-day
period of 4–8 November. In order to compensate for the
time delay between the ACE satellite and the magnetopause,
the ACE data are delayed by 34 min.
[21] During the entire 4 November and first half of 5
November, the magnitudes of BX, BY and BZ components
remained close to zero indicating magnetically quiet con-
ditions. These IMF components became oscillatory in
nature from 1200 UT on 5 November until the arrival of
the interplanetary shock, at 0120 UT at ACE and at
0154 UT at the magnetosphere, on the following day.
Another dominant event on 5 November was the southward
turning of BZ (18 nT) at 1600 UT. At that time, BX was
around zero and BYwas largely positive (20 nT). There were
prominent variations, between 1900 UT on 5 November
and 0154 UT (at the magnetosphere) on 6 November, in
BX, BY and BZ that were associated with the formation of a
magnetic cloud [Gonzalez et al., 2002]. At 0120 UT, the
SOHO/CELIAS instruments measured an abrupt increase in
solar wind speed from 430 km/s to 700 km/s [Alex et al.,
2005]. This was the signature of the fast forward shock that
hit the magnetosphere 34 min later, at 0154 UT. Its
profound effect on the IMF is indicated by the compression
of BZ field from its quiet time of 7 nT to 48 nT, and to
further 78 nT 1.5 h later. Thus, for more than 3 h after
the shock event, the BZ component remained negative
producing a long duration negative feature in the IMF.
BZ events of this type are always present, and thus, are
typical signatures of great magnetic storms [Gonzalez et al.,
1994]. At around the same time, 0154 UT, the BX and
BY components started to follow this trend by dropping
down to 32 nT and 54 nT, respectively. This long-
duration negative feature triggered the development of the
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Figure 2. The ACE data depict the variations of the interplanetary magnetic field components of BX,
BY, and BZ. The geomagnetic indices of Dst and Kp are utilized to identify the various storm phases
during the period of 4–8 November 2001 inclusive. The dashed lines depict the major events of the 6
November 2001 great storm such as the coronal mass ejection (C) and the impact of interplanetary shock
(S) at the magnetosphere.
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storm main phase. The Dst index registered three main
events in the following manner: (1) the sudden commence-
ment (SSC) as an 80 nT-amplitude indicating an increase
from 50 nT to 30 nT, (2) the main phase as an abrupt
decrease to 275 nT, and (3) the recovery phase as a return
to 50 nT. During the storm onset phase, the Kp index
suddenly increased to 9. At 0600 UT, the BZ component
registered the development of a substorm interrupting the
recovery phase.
3.3. Impact of the 6 November 2001 Great Storm
on the Ionosphere
[22] How these great storm events impacted the iono-
sphere at daytime, evening and nighttime, on 6 November,
is shown by Figures 3–8.
[23] In the global map of Figure 3, the ground tracks of
five descending TOPEX passes, which detected the daytime
ionosphere, are shown. The first pass (232) covers the last
2 h (UT) of 5 November and the following four passes
(234–240) cover the first 5.5 h (UT) of 6 November. From
all these passes, a set of field-aligned TEC profiles were
constructed by combining those two neighboring passes,
which crossed the same magnetic field line and tracked the
same event. The first one (in red; see Figure 3a) illustrates a
well developed (150 TECU), asymmetrical equatorial
anomaly before the interplanetary shock hit the magneto-
sphere. Its crests developed 12.5 (geomagnetic) away
from its trough. These high plasma densities indicate
enhanced fountain action that was possibly caused by a
‘‘precursor’’ interplanetary E field [Tsurutani et al., 2004]
Figure 3. The global map shows the ground tracks of five even-numbered daytime TOPEX passes (one
indicated in dark orange is field aligned) and the field-aligned profiles constructed (in red and pink). The
modeled magnetic field lines, different equators, and the detected plasmapause positions in the daytime
and evening sectors of 5 and 6 November 2001 are also shown. The field-aligned TOPEX TEC profiles
depict the equatorial anomaly, the midlatitude shoulder, and the TEC dropoff. The green and blue stars
indicate the satellite positions when the shock occurred and impacted the magnetosphere, respectively.
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associated with the negative BZ before the shock. The
asymmetry was possibly caused by the combination of
strong prevailing transequatorial winds and interhemispheric
(summer to winter) neutral winds [Hanson and Moffett,
1966; Balan and Bailey, 1995; Bailey et al., 1997; Tsurutani
et al., 2004]. These winds intensified the northern crest
(150 TECU) and weakened the southern crest (135 TECU),
and also increased the northern midlatitude plasma densities
(100 TECU) and lowered the TEC (60 TECU) at southern
midlatitudes. When the interplanetary shock was detected
by the ACE satellite, at 0120 UT on 6 November, TOPEX
was completing its ascending pass 235 and was over the
Red Sea (see global map). At the shock impact, 0154 UT
when the interplanetary E field was 33 mV/m [Tsurutani
et al., 2004], TOPEX was completing its pass 236 and was
tracking the northern crest of the equatorial anomaly (see
Figure 3b). Thus, along the larger section of pass 236,
TOPEX detected the first response of the daytime iono-
sphere to this interplanetary shock: the development of a
symmetrical equatorial anomaly. Such feature is the signa-
ture of the sudden strengthening of the forward plasma
fountain [Balan and Bailey, 1995; Bailey et al., 1997]. This
Figure 4. The global map shows the ground tracks of five evening F12 passes with the modeled
magnetic field lines and different equators, and the detected plasmapause positions in the evening sector
of 6 November 2001. The red star indicates the position of F12 when the shock impacted the
magnetosphere. The Ni line plots depict the topside ionosphere in the main phase (passes 1, 3, and 4) and
early recovery phase (passes 5 and 7).
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was possibly caused by the interplanetary eastward E field,
which instantly penetrated into the daytime ionosphere, as
Tsurutani et al. [2004] also suggested. Although this pass
(236) is not field aligned, it still provides a field-aligned-like
TEC profile indicating that the strengthening of the plasma
fountain took place over a wider geographic area, covered
by numerous magnetic field lines. As the storm progressed
into the main phase (see Figures 3c and 3d), the equatorial
anomaly remained symmetrical and became better devel-
oped. During this process, the symmetrical crests increased
from 150 TECU to 180 TECU and moved from 17.5 to 20
away from its trough. This indicates the continuous strength-
ening of the forward plasma fountain, caused by the contin-
uous increase of the interplanetary eastward E field to
54 mV/m [Tsurutani et al., 2004], due to the long-duration
intensely negative IMF BZ events. To confirm this interpre-
tation, the naturally field aligned pass 240 (in dark orange)
demonstrates (see Figure 3d) that the equatorial anomaly
was still symmetrical at 0547 UT on 6 November. Soon after
the shock (0154 UT), the rapid equatorward movement of
the southern plasmapause to 48.6S (geomagnetic) and
44.1S, and then back to 47.0S, are indicated by the
TEC dropoff detections. During the main phase, a plasma
density depletion (a low TEC region; indicated as L)
developed poleward of the plasmapause and decreased to
25 TECU (see Figure 3d). This study clearly shows these
features at northern and southern latitudes, and draws atten-
tion to their simultaneous development in both hemispheres.
[24] Figure 4 illustrates the plasma distribution of the
evening topside ionosphere during the first 12 h UT of 6
November. At 0154 UT, when the interplanetary magnetic
shock hit, F12 was over the Indian Ocean carrying out its
first descending pass (indicated in red in the global map) in
the morning sector at 0700 LT. Thus, when F12 traveled
back into the evening sector, it detected the impact of this
shock on the evening topside ionosphere along the southern
section of the first ascending pass. Just as in the daytime
sector, described above, this impact in the evening sector
also triggered the development of a symmetrical equatorial
anomaly by strengthening the forward plasma fountain (see
details in section 3.4). Its crests were situated at ±10N
(geomagnetic) and their peak values were 70 . 104 i+/cm3.
The crest locations (indicated as green dots) are also shown
on the global map that demonstrates how close these crests
are to the magnetic field line. Thus, this equatorial anomaly
detection can be regarded as field-aligned and indicates the
instant penetration of the disturbance E field that was still
eastward directed at 1930 LT. While BZ was negative and
growing, and the ring current was building up (see details in
section 3.2), the strengthening of the plasma fountain
continued and this symmetrical equatorial anomaly became
better developed. During this time, the interplanetary E field
increased from 33 mV/m to 54 mV/m [Tsurutani et al.,
2004]. Tracked by pass 2 (not shown), the southern crest
increased to 96 . 104 i+/cm3 (a 27% growth with respect
to the previous value) and appeared at 17S, indicating an
enhanced forward fountain action induced by the increased
net eastward E field. This better development was main-
tained during the storm main phase, as shown by the field-
aligned crest detection of pass 3 (see global map) depicting
the crests (96 . 104 i+/cm3 at ±15N) of a symmetrical
equatorial anomaly. At the beginning of the recovery phase,
while BZ was still negative, F12 tracked the equatorial
anomaly’s southern crest (62 . 104 i+/cm3 at 12S; see
pass 4) only, as recording ceased over the northern hemi-
sphere during this pass. This southern peak was reduced by
36%, with respect to its previous value, and indicates a
reduced forward fountain action that could be due to the
decrease of the disturbance eastward E field. Each of these
four passes detected a pronounced midlatitude shoulder and
a well developed plasma density dropoff in the southern
summer hemisphere. In the northern winter hemisphere,
these features were also present, but in a considerably less
developed form because of the generally low plasma
densities (see passes 1, 3). Another interesting feature is
the plasma density depletion (8 . 104 i+/cm3), appearing
as a constant low Ni region (indicated as L) in the southern
hemisphere, poleward of the Ni dropoff, and over various
degrees of latitude. When BZ turned positive, the prompt-
penetrating E field was westward directed [Tsurutani et al.,
2004, 2008]. By this westward E field, driving the reverse
fountain, the equatorial anomaly was reduced to one single
peak [Hanson and Moffett, 1966; Balan and Bailey, 1995;
Bailey et al., 1997] (see details in section 3.4). F12 tracked
this event along three passes (5–7) in the Australian
longitude sector (pass 6 is not shown). This equatorial
evening peak gradually diminished from 55 . 104 i+/cm3
(pass 5), to 31 . 104 i+/cm3 (pass 7), as the reverse plasma
fountain was losing its intensity. Meanwhile, the midlatitude
shoulder, the dropoff, and the plasma depletion remained
well developed, particularly in the southern hemisphere. As
confirmed by their respective Te data showing elevated
electron temperatures (see some examples in Figure 9),
the Ni dropoff indicated the plasmapause. In the global
map, the geographic locations of these evening plasmapause
detections (indicated as pink dots) are also plotted. Their
rapid equatorward movement during the storm main phase
in the evening sector is evident. They moved rapidly from
50.6S (geomagnetic) to 40.0S, and then back to 46.8S,
and then oscillated between 48.6S and 43.6S and between
47.7S and 42.8S.
[25] Figure 5 is the continuation of Figure 4, and is
constructed for the second half (in UT) of 6 November
when the recovery phase took place. Between 1200 UT and
1600 UT, BZ turned southward the second time, and
energized the ring current again. During that UT period,
F12 tracked the gradually better development of the equa-
torial evening peak over the Indian Ocean (pass 8) and in
the African sector (passes 10–11). Its maximum value
increased from 41 . 104 i+/cm3 (pass 8) through 54 .
104 i+/cm3 (pass 9; not shown) to 66 . 104 i+/cm3 (pass 10).
When BZ turned northward, F12 was tracking this equato-
rial evening peak in the African sector (see passes 10–11).
As was mentioned before, these single peak detections
indicate westward prompt-penetrating E field [Tsurutani et
al., 2004, 2008] and reverse fountain action [Hanson and
Moffett, 1966; Balan and Bailey, 1995; Bailey et al., 1997]
(see details in section 3.4). Meanwhile, the features of
midlatitude shoulder and dropoff regularly appeared in both
hemispheres. The plasmapause locations are mapped as
pink dots. Poleward of the dropoff, the low Ni region was
more depleted (4 . 104 i+/cm3) in both hemispheres than
before. A nice field-aligned detection of a low Ni region at
northern latitudes is given by pass 11. The last two passes
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(13–14) detected an equatorial anomaly at 2000 LT in the
American sector with a symmetrical dual-peak structure
(96 . 104 i+/cm3), which indicates an enhanced eastward
E field [Balan and Bailey, 1995; Bailey et al., 1997] (see
details in section 3.4). While crossing the southern magnetic
pole in the Australian sector, F12 tracked the aurora during
pass 8. During pass 14, F12 traversed the northern polar
region in the American sector and tracked the aurora
perpendicular to the magnetic field lines.
[26] Figure 6 shows two ascending (odd-numbered)
TOPEX passes situated over the southeastern Pacific
during the local nighttime hours of the recovery phase,
on 7 November. In the early UT hours (at 2200 LT), they
depict the midlatitude shoulder (at 40S; geomagnetic)
and the TEC dropoff (at 46S and 44.9S). These night-
time plasmapause detections of 7 November (their locations
are indicated as purple dots) are mapped with all the
evening plasmapause detections of 5 and 6 November
(indicated as light blue and pink dots, respectively) in order
to demonstrate the spatial movement of the plasmapause.
[27] In Figure 7, a pair of electron temperature (Te) maps
and a pair of evening Ni maps, each pair is plotted to the
same intensity scale, show the thermal and plasma density
structures of the topside ionosphere before the storm (see
top maps) and during the storm (see bottom maps). Before
the storm (see top maps), the electron temperature was
Figure 5. The global map shows the ground tracks of five evening F12 passes with the modeled
magnetic field lines and different equators, and the detected plasmapause positions in the evening sector
of 6 November 2001. The plasma density (Ni) line plots depict the topside ionosphere in the recovery
phase.
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highest over the northern polar region, while the plasma
density was highest over the magnetic and dip equators
because of the evening variation of the equatorial anomaly.
The southern edge of this high Te region marks the location
of the northern plasmapause position. In the south, the
plasmapause markers are the isolated local Te peaks indi-
cating elevated electron temperatures. Excepting over the
southeastern Pacific, the plasma densities were depleted in
both (northern winter and southern summer) hemispheres at
midlatitudes and high latitudes. Over the southeastern
Pacific, the plasma density increase (indicated in yellow)
is the signature of the nighttime WSA. During the storm
(see bottom maps), the distribution of both the electron
temperature and the plasma density became markedly
different. The most obvious differences are due to the
symmetrical thermal structures, to the redevelopment of
the equatorial anomaly between 180E and 360E (geo-
graphic), to the appearance of substantial plasma density
increases over the northern polar region between 140E and
240E, and to the depletion of the solar produced southern
midlatitude and high-latitude ionization that includes the
total disappearance of the entire quiet time nighttime WSA.
In both hemispheres, the substantial equatorward movement
of the evening plasmapause is evident.
[28] In Figure 8 the impact of this great storm on the quiet
time nighttime WSA is demonstrated with a set of DMSP
F12 and F14 Ni profiles (see Figures 8a and 8b), and a set of
TOPEX TEC profiles (see Figures 8c and 8d). Before the
storm (indicated in blue), on 5 November, F14 tracked a
nighttime WSA (its peak Ni is 20.5 . 104 i+/cm3) and a Ni
dropoff (at 65N; geomagnetic). Along the same passes,
F12 tracked the topside ionosphere during the storm (indi-
cated in red). A shoulder of 63 . 104 i+/cm3, indicating a
307% increase of the plasma density with respect to the
quiet time value, developed early during the main phase
(see Figure 8a). Its poleward boundary, the plasmapause,
appeared at 42.9S, and thus indicated a 22.1 (geo-
magnetic) latitude movement of the plasmapause, measured
along this non-field-aligned pass, back toward the equator
(see Figure 8a). At the end of the main phase, the shoulder
diminished (34.5 . 104 i+/cm3) and the dropoff appeared
at 41S (see Figure 8b). With respect to the quiet time
measurements (see Figure 8b), these values indicate a
165% midlatitude plasma density increase and a 24
(geomagnetic) equatorward plasmapause movement mea-
sured along this non-field-aligned pass. During the quiet
period (indicated in blue) of 5 November, TOPEX also
detected the same nighttime WSA, but on its equatorward
side only, up to its peak (see Figures 8c and 8d). Along the
same two TOPEX passes, but during the recovery phase
(indicated in red), on 7 November, when the magnetic
conditions were still disturbed, TOPEX also tracked a
shoulder (40 TECU) and a dropoff (60S; geographic;
see Figures 8c and 8d). The direct comparison of these
TOPEX passes reveals that during the recovery phase, when
the midlatitude plasma densities were not extremely high,
this shoulder coincided with the equatorward region of the
quiet time nighttime WSA. Further, it is also evident that the
equatorward movement of the plasmapause caused the total
erosion of the remaining poleward region (from 60S
poleward) of this quiet time nighttime WSA.
3.4. Prereversal Enhancement, and the Prereversal
Enhancement With a Superposed Prompt-Penetrating
E Field and Disturbance Dynamo Effects
[29] In Figure 9, a series of plasma drift (VZ) and plasma
flux (FZ) observations illustrate a forward plasma fountain
at the prereversal enhancement (first row), a forward super-
Figure 6. The global map shows the ground tracks of two odd-numbered nighttime TOPEX passes with
the modeled magnetic field lines and different equators, and the detected plasmapause positions in the
daytime (5 November 2001), evening (6 November), and nighttime (7 November) sectors. The TOPEX
TEC line plots depict in the southern hemisphere the midlatitude shoulder and the TEC dropoff.
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fountain (second row), a quiet time reverse fountain (third
row), and a storm time reverse fountain (last row).
[30] In the first row, the Ni line plot shows a symmetrical
equatorial anomaly developed during the event of prerever-
sal enhancement occurring in the American longitude sector
at 2000 LT [Tsurutani et al., 2004]. As was described
before (see section 1), the prereversal enhancement occurs
just before sunset. Then, the plasma fountain strengthens,
owing to the increased E  B drift caused by the sudden
increase of the eastward E field, and both the fountain and
the resultant equatorial anomaly remains symmetrical as
their symmetry is unaffected by the neutral winds [Hanson
and Moffett, 1966; Balan and Bailey, 1995; Bailey et al.,
1997]. The vertical plasma flow (FZ) and plasma density
(Ni) plots illustrate these, the symmetrical plasma circula-
tion and the resultant plasma density structure. The FZ plot
depicts the two major vertical plasma flows of the plasma
fountain: an upward plasma flow (15 . 108 [i+/(cm2 s)]) at
the dip equator and a downward flow at each crest situated
at ±10N (geomagnetic). The upward flow (indicated as
red arrows) was driven by the vertical upward E B plasma
drift, which lifted the plasma up across the horizontal
magnetic field lines to higher altitudes, while there were
limited photoionization processes taking place at lower
altitudes, and displaced the plasma to higher latitudes
creating the two anomaly crests [Hanson and Moffett,
1966; Balan and Bailey, 1995; Bailey et al., 1997]. The
downward flow at each crest (indicated as a blue arrow) was
create by the subsequent downward diffusion of the plasma
along the magnetic field lines driven by the forces of gravity
and pressure gradients [Hanson and Moffett, 1966; Balan
and Bailey, 1995; Bailey et al., 1997]. In the northern
hemisphere the downward flow (55 . 108 [i+/(cm2 s)])
was slightly larger than in the southern hemisphere (40 .
108 [i+/(cm2 s)]).
[31] In the second row, a forward superfountain, devel-
oped before sunset in the evening sector during the storm
main phase, is shown. During that time, the neutral winds
were equatorward directed and there was still solar produc-
tion to replace the uplifted plasma. Furthermore, the net
eastward E field continuously and dramatically increased
because of the growing disturbance dynamo and promptly
penetrating eastward E fields. This increasing net E field
caused an enhanced fountain action that was called super-
fountain by Tsurutani et al. [2004, 2006, 2008] and
Mannucci et al. [2005], and the underlying physical mech-
Figure 7. Plotted to the same intensity scales, the electron temperature (Te) maps (left side) and the
plasma density (Ni) maps (right side) depict the magnetically quiet conditions detected on 5 November
2001 (top plots) and the impact of the 6 November 2001 great storm (bottom plots) on the topside
ionosphere.
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anisms were described by Balan et al. [1998, 2008b].
Because of the data gaps at around the magnetic equator,
it is not possible to compute the upward plasma flow
(indicated as red arrows) increase with respect to the
prereversal enhancement (see first row). However, at the
northern crest, which developed at 17.5N (geomagnetic),
the downward flow (120 . 108 [i+/(cm2 s)]) shows a 220%
increase with respect to that previous example. This FZ plot
shows also how the equatorial plasma circulation rapidly
decreased toward midlatitudes where they died off. The
symmetrical nature of this forward superfountain indicates
that the fountain experienced a sudden strengthening, just as
at the quiet time prereversal enhancement [Balan and
Bailey, 1995; Bailey et al., 1997]. Another important feature
is the isolated downward flows (indicated as green arrows)
at the shoulders. Possibly, this well-defined and separate
plasma flow was responsible for the development of the
shoulder. Its isolation from the equatorial forward fountain
circulation is evident.
[32] Shown in the third row, the Ni and VZ plots tracked a
quiet time equatorial evening peak, just after the eastward
E field reversal (see details in section 1), and a still
symmetrical reverse fountain, respectively. The underlying
physical mechanisms are well understood from the pioneer-
ing work of Hanson and Moffett [1966] and from the
experimental and SUPIM modeling results of Balan and
Bailey [1995] and Bailey et al. [1997]. According to their
description of the reverse plasma fountain, the vertical
downward E  B drift drives the plasma downward at the
magnetic equator (see blue arrows) across the horizontal
magnetic field lines and creates there a low plasma pressure
region, which initiates plasma flows from both crests that
are high plasma pressure regions. Thus, owing to the
pressure differences, the plasma flows from the crests (see
Figure 8. The global map shows the ground tracks of two evening F12 and two nighttime TOPEX
passes, with the modeled magnetic field lines and different equators. The dramatic impact of the 6
November 2001 great storm on the nighttime WSA is demonstrated (a and b) by the F12 and F14 Ni line
plots during the main phase and (c and d) by the TOPEX TEC line plots during the recovery phase.
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red arrows) toward the equator and breaks down the dual
peak structure of the anomaly [Hanson and Moffett, 1966;
Balan and Bailey, 1995; Bailey et al., 1997]. In this case,
when the net drift values show the large effects of the
interhemispheric winds on the vertical E  B drift, the net
upward drift at the crests was not strong enough to produce
a net positive drift, but it reduced the net downward drift
from 125 m/s to 35 m/s. It is noted here that these values
are net vertical drift values, not incorrect vertical E  B drift
velocities. After sunset, there was only limited solar pro-
duction at low altitudes and therefore mainly the crests
supplied the plasma to create the equatorial peak. Owing to
the strong equatorward directed neutral winds at the eastern
edge of the nighttime WSA, where the F2 layer was still
sunlit, there was also a strong net upward drift (see dark
blue arrow) that reduced the net midlatitude downward drift
from 85 m/s to 55 m/s.
[33] In the fourth row, the Ni plot shows an equatorial
evening peak during the substorm that interrupted the
recovery phase, when BZ turned southward directed. In
both hemispheres, the shoulders were well developed and
the dropoffs were obvious. The FZ plot shows the plasma
flows characterizing a reverse fountain during disturbed
time. These are similar to those of a quiet time reverse
fountain (see details above). Because of the strong inter-
hemispheric winds, blowing from the southern summer to
the northern winter hemisphere, this reverse plasma foun-
tain was highly asymmetrical. At the northern crest, the all
negative plasma flows became reduced only a little by the
weak upward flow from18 . 108 to13 . 108 [i+/(cm2 s)].
At the southern crest, the upward flow reduced the down-
ward flow from 17 . 108 to 3 . 108 [i+/(cm2 s)].
Consistently with the observation shown in the second
row, there was a strong and isolated downward plasma flow
at each shoulder. However, this time, this isolated plasma
flow was tracked with a reverse fountain. Finally, the Te line
plots show the elevated electron temperatures at the exact
locations of the plasmapause and the symmetrical thermal
structures during the disturbed times (see bottom row).
4. Discussion
4.1. Daytime and Evening Fountain Actions
[34] Field-aligned mapping of the low-latitude ionosphere
is an important tool to track ionospheric features, like the
equatorial anomaly, that are created by field-aligned plasma
flows. The TOPEX and DMSP passes are particularly
suitable for the construction of field-aligned profiles because
of the similar UT and LT of the neighboring passes. Owing
to the complex DMSP data set, the plasma fountain and its
plasma environment could also be tracked. A series of field-
aligned profiles has been constructed to investigate the
effects of this great storm on the low-latitude ionosphere
in the daytime and evening sectors. On the basis of these
observations, the following explanation of the storm evolu-
tion at low latitudes can be provided.
[35] In the daytime sector, before the interplanetary shock
hit the magnetosphere (see Figure 3a), there were generally
high electron contents (135–142 TECU) at the equatorial
anomaly crests suggesting an enhanced fountain action that
was possibly driven by a strong ‘‘precursor’’ interplanetary
eastward E field created by the magnetic cloud, as Tsurutani
et al. [2004] suggested. Possibly, this precursor E field
increased the quiet time eastward dynamo E field leading to
Figure 9. Topside ionospheric conditions are illustrated with the plasma density (Ni, top row), vertical
plasma flow and drift (FZ and VZ; middle row), and electron temperature (Te, bottom row) line plots
during the operation of a forward plasma fountain (first column), superfountain (second column), and
reverse plasma fountain (third and fourth columns). Upward (in red) arrows and downward (in blue)
arrows indicate the major plasma (forward/reverse) fountain circulations. In both hemispheres at the
midlatitude shoulder, there is a separate vertical downward (indicated by a green arrow) plasma flow.
Elevated electron temperatures mark the position of the plasmapause.
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the increase of the net vertical upward E  B drift. In
agreement with the SUPIM results of Lekshmi et al. [2008]
and Balan et al. [2008a], in the presence of strong equa-
torward disturbance winds, keeping the ionization at greater
heights and reduced recombination levels, the increased net
E  B drift enhanced the fountain action and created an
asymmetrical equatorial anomaly with unusually high total
electron contents. This asymmetry was possibly caused by
the combination of strong prevailing transequatorial winds
and interhemispheric (summer to winter) neutral winds, as
Tsurutani et al. [2004] suggested. This asymmetrical equa-
torial anomaly became symmetrical soon after the shock
hit the magnetosphere. In supporting the hypothesis of
Tsurutani et al. [2004], this indicates the instant penetration
of the interplanetary eastward E field into the dayside
ionosphere. According to this study, this symmetrical equa-
torial anomaly gradually intensified during the main phase
(see Figures 3b–3d). This suggests that the interplanetary
eastward E field greatly enhanced the fountain action in the
presence of the eastward disturbance winds, while new
plasma of solar origin was continuously produced at lower
altitude, creating a superfountain [Balan et al., 1998, 2000;
Tsurutani et al., 2004, 2006, 2007, 2008; Mannucci et al.,
2005]. Furthermore, during that time, when the long dura-
tion negative BZ events took place, the net E field repeated
increase (from 33 mV/m to 54 mV/m within 1 h and
40 min [Tsurutani et al., 2004]) caused the repeated sudden
strengthening of the superfountain. This repeated strength-
ening kept the superfountain symmetrical, since the neutral
winds had little effect altering its symmetry, as proven by
the experimental and modeling SUPIM results of Balan and
Bailey [1995] and Bailey et al. [1997]. As the non-field-
aligned TOPEX passes, utilized by Tsurutani et al. [2004],
could not track this symmetrical equatorial anomaly, an
asymmetrical equatorial anomaly was assumed. Further-
more, during strong IMF Bz events, the prereversal enhance-
ment effects are still not well understood. Moreover, in the
dusk sector, the promptly penetrating eastward E field
strongly accentuates the prereversal enhancement, but not
in the daytime sector, where the promptly penetrating
eastward E field effects are delayed by hours by disturbance
dynamo effects. Because of these unusual events and their
timing, what we are just starting to understand, a possible
asymmetrical forcing of the disturbance equatorward winds,
caused by an asymmetrical energy input at the northern and
southern auroral regions, was suggested by these authors as
a possible cause disrupting the initial symmetry (at the
shock) of the equatorial anomaly. However, this study’s
simultaneous plasma density and Te (electron temperature)
observations (see Figures 7 and 9) have demonstrated that
the Te distribution of the evening topside ionosphere was
symmetrical to the magnetic equator when the forward
superfountain (during the main phase) and the reverse
fountain (during the following substorm interrupting the
recovery phase) were tracked. These observations suggest a
similar energy input at each polar region.
4.2. Nighttime Weddell Sea Anomaly
and the Midlatitude Shoulder
[36] Tracking the reaction of the nighttime WSA to this
great storm has produced some dramatic observations (see
Figures 6–8) that revealed how this storm evolved at
southern midlatitudes. Before the storm, the nighttime
WSA appeared over the southeastern Pacific with the
plasmapause at 60S (geomagnetic), on its poleward side
(see Figure 1). Soon after the shock, the sudden movement
of the plasmapause in the WSA region to much lower
latitudes (40S) indicates not only a substantial inward
motion of the plasmaspheric magnetic field lines, but also
the erosion of the high plasma densities that built up a larger
part of the nighttime WSA during the magnetically quiet
times. Simultaneously with this erosion, the plasma density
dramatically increased on the equatorward side of the
plasmapause, in a narrow region (see Figures 8a and 8b).
Increased daytime and evening plasma densities were called
a midlatitude shoulder by Tsurutani et al. [2004], and were
further investigated by Tsurutani et al. [2008]. During the
main phase in the daytime sector, the equatorward move-
ment of the plasmapause can be explained with the analo-
gous inward movement of the plasmaspheric magnetic field
lines. On the nightside, the convection E fields could
compress the plasmapause [Tsurutani et al., 2004, 2008].
This study has detected the shoulder in the evening sector
with the equatorial forward and reverse plasma circulations
(see Figure 9). These detections have revealed an isolated
downward plasma flow that was possibly triggered by
plasmaspheric compressions and provided the essential
plasma necessary to create a shoulder, particularly in the
northern winter hemisphere where the ionization was gen-
erally low. There, the neutral winds were less effective,
there was no production of solar-produced ionization in the
evening sector, and the shoulder showed little longitudinal
variation. Oppositely, there was a strong longitudinal
variation observed in the south and best development
(307% increase) occurred in the WSA region where there
was a continuous production of solar-produced ionization
and the equatorward winds were most effective. There, the
downward plasma flow added to the combination of differ-
ent factors that were responsible for this 307% extreme
plasma density increase.
[37] How this shoulder and the nighttime WSA were
related has also been revealed by this study (see Figure 8).
In the WSA region, the shoulder can be regarded as the
storm time nighttime WSA created not only by strong
equatorward neutral winds and solar produced ionization,
but by this isolated downward plasma flow as well. Pole-
ward of the plasmapause, the plasma density depletion
indicated the complete erosion of the solar produced ioni-
zation that also caused the erosion of the larger section of
the quiet time nighttime WSA.
5. Conclusion
[38] The greater part of the 6 November 2001 great storm
has been investigated utilizing a variety of space-based and
ground-based data, a set of field-aligned profiles and the
published interplanetary E field values of Tsurutani et al.
[2004]. A perspective on the magnetically quiet ionosphere
before the storm has been obtained and the storm impacts
have been assessed. Results revealed that the storm evolu-
tion was very similar in the daytime and evening sectors and
led to the following conclusions.
[39] Before the interplanetary shock, the strong asymme-
try of both the enhanced forward plasma fountain and the
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resultant equatorial anomaly of high plasma density were
caused by the combination of an eastward ‘‘precursor’’
interplanetary E field and strong equatorward winds reduc-
ing chemical loss. The interplanetary shock strengthened the
forward plasma fountain into a superfountain, and caused its
and the resultant equatorial anomaly’s symmetry. During the
storm main phase, this symmetry became maintained by the
dramatic increase of this interplanetary E field that was
triggered by long-duration negative IMF BZ events. These
BZ events made this superstorm special, as they caused the
repeated strengthening of the superfountain. During this
time, the strong neutral winds had little effects on the
symmetry of both the superfountain and the resultant
equatorial anomaly, and the energy inputs at the different
polar-regions were symmetric.
[40] In both hemispheres, a midlatitude plasma flow
developed separately from the low-latitude (forward or
reverse) plasma circulations, and provided the minimum
essential plasma to build up a shoulder, which showed
strong longitudinal and hemispherical variations. Its best
development was detected over the southeastern Pacific, in
the nighttime WSA region, where the equatorward winds
were strongest and the production of solar photoionization
was still in progress. In both hemispheres, the substantial
equatorward movement of the plasmapause, triggered by
plasmaspheric compression due to the enhanced E fields,
caused the erosion of a significant portion of the solar
produced ionization. Over the southeastern Pacific, this
meant the erosion of the quiet time nighttime WSA.
Meanwhile, the extremely high plasma densities of the
shoulder were the signature of a storm time nighttime
WSA created by the extreme enhancement of the smaller,
remaining equatorward section of the quiet time nighttime
WSA.
[41] This study is the first to report the simultaneous
development in both hemispheres of this midlatitude plasma
flow, supplying the essential plasma for the shoulder, and
such a dramatic impact of a great storm on a nighttime
WSA. Furthermore, this study is the first to demonstrate that
a forward plasma fountain can strengthen into a super-
fountain by a shock impact, and that a superfountain can
strengthen when the net vertical upward E  B drift
becomes suddenly enhanced. During this great storm this
strengthening occurred during the storm main phase.
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